• Intermittent hypoxia (IH) is a hallmark of sleep apnea and is known to cause learning and memory deficits. 32
• Hypoxia Inducible Factor 1a (HIF1a), is associated with IH-dependent changes in physiology. 33
• IH exposure causes increased hippocampal HIF1a in wild type mice and is associated with elevated 34 oxidative stress, impairments to spatial memory, and suppression of long term potentiation (LTP). 35
• IH-dependent suppression of LTP is co-incidental with diminished NMDA receptor contribution to 36 glutamatergic transmission. 37
• Following IH, mice heterozygous for HIF1a (HIF1a +/-) do not show an increase in HIF1a and oxidative 38 stress, or changes in either behavior or glutamatergic transmission. 39 40
Introduction: 57
While sleep apnea is recognized as a risk factor for cardiorespiratory dysfunction, this condition also decreases 58 the threshold for cognitive impairment (Devita et al., 2017; Leng et al., 2017) . Similarly, intermittent hypoxia 59 (IH), a hallmark of sleep apnea, has been shown to cause both autonomic dysfunction (Fang and Chen, 1973 ; 60 Lesske et al., 1997; Greenberg et al., 1999) and memory deficits (Wallace and Bucks, 2013 ). At the cellular 61 level, exposure to IH increases hypoxia inducible factor 1a (HIF1a), a ubiquitous transcription factor regulated 62 by the state of oxygenation. Although commonly recognized as a crucial mediator of cellular adaptations to 63 hypoxia, HIF1a has been implicated as a critical factor facilitating maladaptive changes in cardiorespiratory 64 physiology caused by IH (Prabhakar, 2016) . However, the role of HIF1a signaling in IH-dependent changes to 65 the neurophysiology remains poorly understood. 66
The hippocampal formation is important for learning and memory (Morris et al., 1982) and has been frequently 67 identified as a brain region affected in sleep apnea (Kuwabara et Alternatively, HIF1a may serve as a pro-oxidant transcription factor leading to oxidative stress and impaired 76
neurophysiology. 77
To better resolve the role of IH-dependent increases in HIF1a, we examine how IH affects behavior and 78 synaptic physiology in wildtype mice and mice heterozygous for HIF1a (HIF1a +/-). Impaired performance on the 79
Barnes maze was evident following IH. This phenotype was co-incidental with increased hippocampal 80 oxidative stress, a decreased contribution of the NMDA receptor (NMDAr) to the field excitatory postsynaptic 81 potential (fEPSP), and suppression of LTP. In contrast, IH neither impaired behavioral performance nor caused 82 hippocampal oxidative stress in HIF1a +/-. HIF1a +/-exposed to IH did exhibit a decrease in NMDAr contribution 83 overhead camera was suspended above the maze. Data collection and posthoc analysis was performed using 111 CinePlex Video Tracking System (Plexon, Dallas, TX). 112
As previously described (Christakis et al., 2012) , the task was performed using a four-day protocol consisting 113 of one training trial per day for three consecutive days and a probe trial on the fourth day. Barnes Maze began 114 on the seventh day of IH10 exposure with respective controls run at the same time. For the training trials, all but 115 one of the holes (exit hole) was closed. An exit box with a small ramp was placed directly underneath the exit 116 hole. Animals were given a maximum of 6 minutes to locate the exit and if unable to locate the exit, they were 117 gently guided to the exit. If the mouse found and entered the exit before the six minutes was over, the trial 118 ended at the time that the mouse entered the exit and the mouse was promptly returned to its home cage. 119
During the probe trial, all holes were closed, and the animal was given 6 minutes to explore the maze. The 120 entire arena was sanitized in-between trials. Following the end of behavior, IH animals were immediately 121 returned to the IH chamber. For animals in the MnTMPyP group, MnTMPyP was administered after the daily 122 behavioral testing, but prior to the return to the IH chamber. 123
Slice Preparation. As previously described (Khuu et al., 2019) , acute coronal hippocampal slices were 124 prepared from mice unexposed to intermittent hypoxia (control) or from mice exposed to IH for ten days (IH10). 125
Tissue harvest occurred within one to two days following IH10. Mice were anesthetized with isoflurane and 126 euthanized via rapid decapitation. The cerebrum was immediately harvested and blocked, rinsed with cold 127 artificial cerebrospinal fluid (aCSF), and mounted for vibratome sectioning. The mounted brain tissue was 128 submerged in aCSF (4°C; equilibrated with 95% O2, 5% CO2) and coronal cortico-hippocampal brain slices 129 (350 µm thick) were prepared. Slices were then immediately transferred into a holding chamber containing 130 aCSF equilibrated with 95% O2, 5% CO2 (at 20.5±1°C). Slices were allowed to recover for a minimum of one 131 hour prior to recording and used up to eight hours following tissue harvest. The composition of aCSF (in mM): 132 118 NaCl, 10 glucose, 20 sucrose, 25 NaHCO3, 3.0 KCl, 1.5 CaCl2, 1.0 NaH2PO4 and 1.0 MgCl2. slices were transferred to a recording chamber with recirculating aCSF (30.5±1°C, equilibrated with 95% O2 135 and 5% CO2) and allowed 15 min to acclimate to the recording environment. The fEPSP in the CA1 was 136 evoked by electrical stimulation. The stimulation electrode was positioned in Schaffer Collateral and recording 137 electrode (1-2 MΩ) was placed into the stratum radiatum of the CA1. The intensity of the electrical current 138 (100-400 µA; 0.1-0.2 ms duration) was set to the minimum amount of current required to generate ~50 % of 139 the maximal initial slope (mi) of the fEPSP. The current stimulus to evoked fEPSP relationship was examined 140 across range of stimuli between 0 to 700 microamperes (µA), sampled at intervals of 50 µA 0.2ms duration. then by pipetting in cytoplasmic extraction buffers. After isolation of cytoplasmic fragment, the insoluble pellet 159 that contains nuclear proteins was suspended in nuclear extraction buffer and separated by centrifugation. Halt 160
Protease Inhibitor (Thermo Scientific, 1860932) was added into cytoplasmic and nuclear extraction buffers to 161 prevent protein degradation. All analyses were conducted by Raybiotech, Inc. (Norcross, GA), using the 162 automated Capillary Electrophoresis Immunoassay machine (WES™, ProteinSimple Santa Clara, CA). The 163 samples, blocking reagent, wash buffer, primary antibodies, secondary antibodies, and chemiluminescent 164 substrate were dispensed into designated wells in the manufacturer provided microplate. After plate loading, 165 the separation electrophoresis and immunodetection steps took place in the capillary system and were fully 166 automated. Auto Western analysis was carried out at room temperature, and instrument default settings were 167
used. 168
Protein Carbonyls. Whole cell protein lysates were isolated from hippocampal tissues by using M-PER 169 mammalian protein extraction reagent (Thermo Scientific, 78501) and by adding Halt Protease Inhibitor 170 (Thermo Scientific, 1860932). Protein lysates were immediately processed or kept in -80 o C until used. The 171 amount of protein carbonyls was determined using a Protein Carbonyl Colorimetric Assay Kit (Cayman 172
Chemical, Cat#10005020), per manufacturer instructions and absorbance was measured at a wavelength 173 between 360-385 nm using a plate reader. Protein content was determined using a Protein Determination Kit 174 (Cayman Chemical, Cat# 704002) and absorbance was measured at 595 nm using a Nanodrop 2000 175 spectrophotometer (Thermofisher, Cat# ND-2000). 176
Experimental Design and Statistical Analyses. All n values are total number of animals, unless otherwise 177 noted. Statistics were performed using Origin 8 Pro (OriginLab, RRID:SCR_014212) or Prism 6 (GraphPad 178 Software; RRID:SCR_015807). Comparisons between two groups were conducted using unpaired two-tailed t 179 tests with Welch's correction. To compare three groups, a one-way ANOVA was performed followed by a 180 posthoc Tukey's multiple comparison test or Dunnett's test, as appropriate. To assess the fEPSP across a 181 range of stimuli, a two-way ANOVA was performed followed by a Bonferroni post-test for significance. Results 182 are presented as mean ± S.E.M. were considered significant when the P-value was less than 0.05. 183 184
Results: 185 186
HIF1a protein content was measured in nuclear extracts prepared from wildtype hippocampi unexposed to IH 187 (control) and wildtype hippocampi exposed to ten days of IH (IH10). Nuclear HIF1a was approximately two 188 times greater in extracts from IH10 when compared to control ( Figure 1A , control n=5, IH10 n=4, P=0.019). In 189 contrast, nuclear hippocampal HIF1a was unchanged in extracts from hippocampi of HIF1a +/-mice unexposed 190
to IH (0-HIF1a +/-) when compared to tissue originating from HIF1a +/-mice exposed to ten days of IH (10-191 training, control and IH10 exhibited progressive improvement on locating the exit zone as indicated by the 198 decrease in latency to exit over course of three training sessions (Figure 2A and 2B) . 0-HIF1a +/-and 10-199
HIF1a
+/-groups displayed similar performance during training ( Figure 2C and 2D) . During the probe trial (when 200 the exit was closed), performance of each group was assessed by examining: 1) distance travelled to the exit 201 zone; 2) primary latency to exit zone entry; and 3) probability to exit zone entry. 202
The distance travelled to the exit zone was greater in IH10 when compared to control (control: 2.60 ± 0.70 m 203 versus IH10: 10.34 ± 3.32m, P=0.048). Similarly, larger primary latency to exit zone entry was observed in IH10 204 Examining the probability to exit zone entry demonstrated that control consistently discriminated the location of 209 exit hole against the other holes (Figure 3E left) . However, in IH10, this was not apparent (Figure 3E center) . 210
These observations reflected in a difference between control and IH10 (Figure 3E right; control: 15.93 ± 2.39% 211 versus IH10: 6.44 ± 1.38%, P=0.004). In contrast, entry probability into the exit zone for 0-HIF1a +/-and 212
10-HIF1a
+/ was similar between both groups ( Figure 3F , 0-HIF1a +/-=8.75 ± 1.38%, 10-HIF1a +/-=15.51 ± 4.73% 213 m; P=0.21). 214
The IH-dependent differences in Barnes maze performance may be related to potential differences in synaptic 215 physiology. To address this possibility, we characterized unpotentiated and potentiated synaptic transmission 216 in hippocampal brain slices from the four experimental groups. In slices from wildtype mice, IH did not impact 217 the maximal fiber volley (control= 0.32 ± 0.12 mV, n=4; IH10= 0.34 ± 0.08 mV, n=5; P=0.90) or the maximal 218 To examine the consequence that reduced NMDAr contribution may have on synaptic plasticity, we evoked 242 LTP using HFS. HFS evoked LTP in area CA1 from both control and IH10 ( Figure 6A, control n=7, IH10 n=11) . 243
No differences between experimental groups were observed in the fEPSP immediately following post-tetanic 244 stimulation ( Figure 6B, control=129±9% versus IH10=117±3% P=0.26) . However, at 60 min following HFS, the 245 magnitude of LTP in the control versus the IH10 group was larger (Figure 6C, control=162±12% IH10=122±7%,  246 
P=0.015). In the HIF1a
+/-group, HFS evoked LTP in 0-HIF1a +/-(n=4) and in 10-HIF1a +/-(n=6) was similar 247 +/-=151.9 ± 9.58%, P=0.56). 250
We next sought to determine whether IH caused increased oxidative stress by measuring protein carbonyl 251 content in hippocampal homogenates from control (n=4), IH10 (n=4), 0-HIF1a +/-(n=4), and 10-HIF1a +/-(n=4). 252
Relative to the control, protein carbonyl content was elevated in IH10 ( hippocampus. In support of this possibility, IH has also been shown to cause a reduction in NR1, the 286 obligatory subunit for the functional NMDAr, cell density in the cortex and area CA1 (Gozal et al., 2001) . 287
Independent of cause, the reduced contribution of the NMDAr appeared to be accompanied by IH-dependent 288 increase in the relative contribution of AMPAr as the fEPSP from control and IH10 were similarly stimulated by 289 Mg 2+ -free media yet differentially affected by APV. In cancer cells, the AMPAr subunit proteins GRIA2 and the 290 GRIA3 increases with hypoxia and appears to involve HIF1 signaling (Hu et al., 2014) . Thus, our observations 291 indicate that IH-dependent behavioral performance deficits are associated with a reduction in long-term 292 synaptic plasticity and a remodeling of the glutamatergic receptors within the hippocampus. 293
Employing pharmacological means or IH to enhance HIF1a in the hippocampus correlated with the 294 suppression of LTP in area CA1 (Wall et al., 2014) . Similarly, oxidative stress has been implicated as a 295 significant factor that could influence neurophysiological and behavioral outcomes in response to IH (Xu et al., 296 2004 ). While HIF1a is commonly considered a pro-survival molecule during hypoxia, HIF1a acts as an 297 upstream factor promoting a pro-oxidant state as it can lead to the expression of pro-oxidant proteins such as 298 NADPH oxidase (Nanduri et al., 2015) . Furthermore, when the CCAT/enhancer binding homologous protein 299 NMDAr appears to be dependent on HIF1a, it is unclear whether AMPAr upregulation was HIF1a dependent. 308
Together with our observations in wildtype mice, IH-dependent HIF1a signaling appears to be important for 309 determining the consequences of IH on hippocampal synaptic physiology and hippocampal associated 310
behaviors. 311
In wildtype mice, IH caused an increase in protein carbonyl content, a measure of oxidative stress within the 312 hippocampus. However, in HIF1a +/-no such increase was observed following IH. Although we did not identify 313 the source of oxidative stress, we demonstrated that antioxidant supplementation using MnTMPyP, to 314 scavenge superoxide anion produced by IH, mitigated many of the IH-mediated changes to behavior and 315 synaptic plasticity. When compared to 0-MnTMPyP, mice receiving MnTMPyP during IH exposure (i.e., 10-316 MnTMPyP) did not exhibit performance deficits in the Barnes Maze. However, LTP in slices from 10-MnTMPyP 317 was neither similar to LTP recorded in slices from control nor different from LTP evoked in tissue from mice 318 exposed to IH. These findings were unexpected, as antioxidant administration prevented both oxidative stress 319 MnTMPyP has been shown to block LTP induction in area CA1 of hippocampal slices (Klann, 1998) . This 323 raised the possibility that in vivo MnTMPyP treatment could have caused interference with mechanisms 324 common to in vitro LTP and spatial learning and memory associated with area CA1. Alternatively, IH may also 325 act independently of reactive oxygen species (ROS) to affect area CA1 and/or other brain networks involved 326 with learning and memory. For example, we have recently demonstrated that IH can cause a ROS-327 independent expansion of the neuroprogenitor pool involved with adult hippocampal neurogenesis (Khuu et al., 328 2019) . Thus, mechanisms independent of ROS may also be involved in influencing synaptic plasticity, learning, 329 and memory, but this possibility requires further investigation. 330
In conclusion, our study has demonstrated that IH causes deficits in hippocampal associated behavior, which 331 is correlated with changes in synaptic properties and a weakening in LTP within area CA1 of the hippocampus. 332
We have also shown that HIF1a and oxidative stress appear to be significant factors in dictating these IH-333 dependent outcomes at the local circuit and behavioral levels. As a result, we have established a working 334 model by which IH-dependent HIF1a signaling acts to cause oxidative stress, remodel glutamatergic synapses, 335 weaken synaptic plasticity, and impair learning and memory. (P=0.39). E. Heat maps of the entry probability across all false exits (1 to 19) and the exit zone during the 357 probe trial illustrates a higher probability for entering the exit zone in control (left) as compared IH10 (center). 358
Comparison of entry probability into the exit zone during the probe trial (right) reveals that control has a greater 359 probability for entering the exit zone when compared to IH10 (P=0.004). F. Heat maps of the entry probability 360 into the exit zone during the probe trial illustrates that 0-HIF1a +/-(left) and 10-HIF1a +/-(center) have similar 361 probabilities for entering the exit zone. This is evident in the comparison between groups (right) (P=0.21). 362 
